Abstract Currently a popular area in nanomedicine is the implementation of plasmonic gold nanoparticles for cancer diagnosis and photothermal therapy, attributed to the intriguing optical properties of the nanoparticles. The surface plasmon resonance, a unique phenomenon to plasmonic (noble metal) nanoparticles leads to strong electromagnetic fields on the particle surface and consequently enhances all the radiative properties such as absorption and scattering. Additionally, the strongly absorbed light is converted to heat quickly via a series of nonradiative processes. In this review, we discuss these important optical and photothermal properties of gold nanoparticles in different shapes and structures and address their recent applications for cancer imaging, spectroscopic detection and photothermal therapy.
Introduction
Nanomedicine is currently an active field. This is because new properties emerge when the size of a matter is reduced from bulk to the nanometer scale [1, 2] . These new properties, including optical, magnetic, electronic, and structural properties, make nano-sized particles (generally 1-100 nm) very promising for a wide range of biomedical applications such as cellular imaging, molecular diagnosis and targeted therapy depending on the structure, composite and shape of the nanomaterials [3] . Plasmonic (noble metal) nanoparticles distinguish themselves from other nanoplatforms such as semiconductor quantum dots, magnetic and polymeric nanoparticle by their unique surface plasmon resonance (SPR). This SPR, resulting from photon confinement to a small particle size, enhances all the radiative and nonradiative properties of the nanoparticles [4] [5] [6] and thus offering multiple modalities for biological and medical applicaitons [7] [8] [9] [10] [11] [12] .
Gold nanoparticles (Au NPs) have been brought to the forefront of cancer research in recent years because of their facile synthesis and surface modification, strongly enhanced and tunable optical properties as well as excellent biocompatibility feasible for clinic settings. High quality, high yield and size controllable colloidal gold can be quickly prepared by the well-known citrate reduction method [13] [14] [15] . Synthetic advancement in the last decade engenders Au NPs of different shapes and structure [16] including gold nanorods [17] [18] [19] , silica/gold nanoshells [20] and hollow Au NPs [21] , which all show largely red-shifted properties boosting their values in photothermal cancer therapy [22] [23] [24] . The strongly enhanced radiative properties such as absorption, scattering and plasmonic field for surface enhanced Raman of adjacent molecules make them extremely useful for molecular cancer imaging [23, [25] [26] [27] [28] .
In this review, we will introduce the optical and photothermal properties of Au NPs in different shapes and structures starting with the elucidation of surface plasmon resonance. Their biomedical applications in cancer imaging using light scattering properties, spectroscopic cancer detection using surface enhanced Raman and photothermal therapy using nonradiative properties will be summarized and discussed.
Surface plasmon resonance
The enchantment of Au NPs since ancient times, as reflected in their intense color, originates from the basic photophysical response that does not exist to nonmetallic particles. When a metal particle is exposed to light, the oscillating electromagnetic field of the light induces a collective coherent oscillation of the free electrons (conduction band electrons) of the metal. This electron oscillation around the particle surface causes a charge separation with respect to the ionic lattice, forming a dipole oscillation along the direction of the electric field of the light (Fig. 1A) . The amplitude of the oscillation reaches maximum at a specific frequency, called surface plasmon resonance (SPR) [29] [30] [31] [32] [33] . The SPR induces a strong absorption of the incident light and thus can be measured using a UV-Vis absorption spectrometer. The SPR band is much stronger for plasmonc nanoparticles (noble metal, especially Au and Ag) than other metals. The SPR band intensity and wavelength depends on the factors affecting the electron charge density on the particle surface such as the metal type, particle size, shape, structure, composition and the dielectric constant of the surrounding medium, as theoretically described by Mie theory [29] . For particles smaller than 20 nm, the SPR can be quantitatively explained according to the following simple equation [4] [5] [6] 8, [29] [30] [31] [32] [33] [34] .
where C ext is the extinction cross-section which is related to extinction coefficient by e (M À1 cm
)/ 2.303, k is the wavelength of the incident light, e is the complex dielectric constant of the metal given by e = e r (x) + ie i (x), e r (x) is the real part and e i (x) is the imagery part of the dielectric function of the metal, e m is the dielectric constant of the surrounding medium which is related to the refractive index of the medium by e m ¼ n 2 m . The real part of the dielectric constant of the metal determines the SPR position and the imagery part determines the bandwidth. The SPR resonance occurs Figure 1 (A). Schematic illustration of surface plasmon resonance in plasmonic nanoparticles. (B). Extinction spectra of gold nanoparticles in different sizes. The electric field of incident light induces coherent collective oscillation of conduction band electrons with respective to the positively charged metallic core. This dipolar oscillation is resonant with the incoming light at a specific frequency that depends on particle size and shape. For gold nanoparticles, the SPR wavelength is around 520 nm depending on the size of the nanoparticles ((B) is reproduced with permission from Ref. [37] ). when e r (x) = À2e m . Gold, silver and copper nanoparticles show strong SPR bands in the visible region while other metals show broad and weak band in the UV region [35, 36] .
Au NPs show the SPR band around 520 nm in the visible region. The SPR band is affected by the particle size [37] (Fig. 1B) . The SPR band of Au NPs with size smaller than 10 nm is largely damped due to the phase changes resulting from the increased rate of electron-surface collisions compared to larger particles [38, 39] . Increasing particle size red shifts the SPR wavelength and also increases the intensity. For particles larger than 100 nm, the band broadening is obvious due to the dominate contributions from higher order electron oscillations.
Surface plasmon absorption and scattering
The energy loss of electromagnetic wave (total light extinction) after passing through a matter results from two contributions: absorption and scattering processes. Light absorption results when the photon energy is dissipated due to inelastic processes. Light scattering occurs when the photon energy causes electron oscillations in the matter which emit photons in the form of scattered light either at the same frequency as the incident light (Rayleigh scattering) or at a shifted frequency (Raman scattering). The frequency shift corresponds to the energy difference created molecular motion within the matter (molecular bond rotations, stretching or vibrations). Due to the SPR oscillation, the light absorption and scattering are strongly enhanced, 5-6 orders of magnitude stronger than most strongly absorbing organic dye molecules and than the emission of most strongly fluorescent molecules, respectively [40] .
The surface plasmon absorption, scattering and total extinction efficiencies are generally studied by using full Mie theory [29] . This is because for nanoparticles larger than 20 nm, higher order electron oscillations start to take important roles and the light absorption and scattering are described by considering all multiple oscillations [33] . As shown from the calculated results by El-Sayed and co-workers using full Mie theory [40, 41] , the optical absorption and scattering is largely dependent on the size of the nanoparticles. For a 20 nm Au NP, the total extinction is nearly all contributed by absorption [40] (Fig. 2A) . When the size increases to 40 nm, the scattering starts to show up (Fig. 2B) . When the size increases to 80 nm, the extinction is contributed by both absorption and scattering in a similar degree (Fig. 2C) . From the quantitative relationship (Fig. 2D) , it can be seen that the ratio of the scattering to absorption increases dramatically for larger size of particles. This fact can guide the choice of gold nanoparticles for biomedical applications. For imaging, lager nanoparticles are preferred because of higher scattering efficiency, whereas for photothermal therapy, smaller nanoparticles are preferred as light is mainly adsorbed by the particles and thus efficiently converted to heat for cell and tissue destruction.
Optical tuning by shape and structure
Gold nanorods
Au NPs have fantasized scientist for decades largely due to the ability of optical tuning by synthetic controlling of the particle shape, composition and structure. As predicted by Gan theory in 1915 [42] , when the shape of Au NPs change from spheres to rods (Fig. 3A) , the SPR band is split into two bands: a strong band in NIR region corresponding to electron oscillations along the long axis, referred to longitudinal band, and a weak band in the visible region at a wavelength similar to that of gold Figure 2 Tuning of the relative contribution of surface plasmon absorption and scattering by changing the particle size. The calculated surface plasmon absorption, scattering and total extinction efficiencies of gold nanoparticles in diameter of (A) 20 nm; (B) 40 nm and (C) 80 nm. (D) The dependence of the ratio of the scattering to absorption cross-sections to on the diameter of gold nanoparticles. Increase particle sizes lead to increased contribution from Mie scattering. The calculations are made by using full Mie theory. (Reproduced with permission from Ref. [40] .) nanospheres, referred to transverse bands. While the transverse band is insensitive to the size changes, the longitudinal band is red shifted largely from the visible to near-infrared region with increasing aspect ratios (Length/Width), causing the color changes from blue to red ( Fig. 3B and C) . Currently, the aspect ratio can be precisely controlled by changing the experimental parameters such as the catalyst of silver ions in the seed-mediated growth method developed by Murphy and El-Sayed groups [18, 19] . The nanorods are formed by asymmetric growth of small gold spheres in the presence of shape-forming surfactants, weak reducing agents and the catalysts [43] .
According to Gan theory, the extinction coefficient c can be quantitatively expressed as [44] :
where N is the number of particles per unit volume, V is the volume of each particle, k is the wavelength of the incident light, e is the complex dielectric constant of the metal given by e = e r (x) + ie i (x), e r (x) is the real part and e i (x) is the imagery part of the dielectric constant of the metal, respectively, e m is the dielectric constant of the surrounding medium, P j is defined as absorption maximum and the aspect ratio of nanorods in the aqueous solution:
As the aspect ratio increases, the SPR maximum is linearly red shifted. Such optical behavior is totally different from spheres for which the SPR only slightly red shifts with increasing the particle size. Gan theory is developed for short rods with cylinder shape as it only considers dipole oscillations. For nanorods with any aspect ratios, discrete dipole approximation (DDA), a powerful electrodynamics and numerical methods to calculate optical properties of targets with any arbitrary geometry and composition [46] [47] [48] [49] [50] is generally used. In this numerical method, the target particle is viewed as a cubic array of point dipoles. Each dipole interacts with the electric field of incident light and the induced field by other dipoles. From the dipole moment with an initial guess, the extinction, absorption and scattering cross-sections can be derived from the optical theorem.
DDA provides an easy way to analyze the effects of the size and geometry on the SPR absorption, scattering and total extinction. El-Sayed and co-workers adopted DDA and studied the optical properties of gold nanorods in different hydrodynamic size [51] . When the aspect ratio increases, light scattering efficiency greatly increases (Fig. 3D ). As predicted by Gan theory, the absorption wavelength is linearly dependent on the aspect ratios (Fig. 3E, top) . Similar to gold nanospheres, when the aspect ratios increase, the scattering efficiency increases (Fig. 3E, bottom) . The ratio of scattering efficiency (Q sca ) to the total extinction efficiency (Q ext ) at their respective resonance maximum, defined as scattering quantum yield, increases dramatically with increasing the aspect ratio but drops slightly with further increase in the elongation with a turning aspect ratio at 3.4 for the rods with the same effective radius of 40 nm. The drop of the quantum yield is due to the increases in the absorption efficiency at higher aspect ratios resulting from the increases of the imaginary part of the dielectric constant of the metal. They also found out that the scattering quantum yield is enhanced from 0.326 for a sphere to 0.603 for a rod by only elongating the shape.
Gold nanoshell and gold nanocage
Besides the shape factor for optical tuning into NIR region, structure variation can results in similar phenomenon. Two examples are the gold nanoshells and nanocages (Fig. 4) . Developed by Halas and co-workers [20] , gold nanoshell is composed of a silica core around 100 nm and a thin shell of gold about few nanometers. The shell is formed by aging the gold clusters attached on the silicon core. The red shift has been explained as the results of the hybridization of the plasmons of the inner sphere and outer cavity [52] . The SPR wavelength of gold nanoshells can be controlled by changing the shell thickness. Decreasing the thickness of the gold shell from 20 to 5 nm leads to SPR red shift about 300 nm, which is attributed to the increased coupling between the inner and outer shell surface plasmons for Figure 4 Tunable optical properties of gold nanoshells by changing the shell thickness (A) and gold nanocages by changing the auric acid in the synthetic procedure (B). Top row: TEM; middle row: absorption spectra; bottom row: physical appearance ((A) is reproduced with permission from Ref. [27] . (B) is reproduced with permission from Ref. [12] ). thinner shell particles [52] . Recently, DDA simulation shows that the SPR frequency depends on the ratio of the shell-to-core thickness in a near-exponential relationship which is independent of the particle size, core and shell material and even surrounding medium [53] .
Developed lately by Xia and co-workers [21] , gold nanocages are a type of hollow and porous gold nanostructures which are formed by a galvanic replacement reaction between silver nanocubes and auric acid in aqueous solution. Simultaneous deposition of gold atoms and depletion of silver atoms results in gold nanoshells which then anneal to generate smooth hollow and porous structures. General size of the nanocages is around 50 nm edge width with few nanometers walls and holes for SPR wavelength around 800 nm [54] . By controlling the amount of auric acid solution, the SPR of gold nanocages could be tuned to NIR region with specified wavelength. DDA calculation [55] shows that the total light extinction of gold nanocages with SPR around 800 nm is dominated by absorption, which makes them suitable for photothermal therapy.
Nonradiative properties
In addition to the enhanced and tunable radiative properties mainly light scattering useful for optical imaging, Au NPs can convert the absorbed light into heat via a series of nonradiative processes, which have been extensively studied by ElSayed group and some other workers using ultrafast dynamics [2, [4] [5] [6] [56] [57] [58] [59] [60] . Basically, the energy transformation process starts by the fast phase loss of the coherently excited electrons (on femtoseconds) via electron-electron collisions leading hot electrons with temperatures as high as 1000 K. Then the electron passes the energy to the phonon by electron-phonon interactions on the order of 0.5-1 ps, resulting in a hot lattice with temperature rises on the order of a few tens of degrees. The electron-phonon relaxation process is size and shape independent and also independent for both the transverse or longitudinal surface plasmon in the rods [61] .
Depending on the hot energy content, three subsequent processes can occur: (1) The lattice cools off by passing its heat to the surrounding medium via phonon-phonon relaxation within $100 ps. This process leads to the heat-up of the surrounding medium. Such fast energy conversion and dissipation can be utilized for sufficient heating of physically adsorbed or chemically attached cancer cells by using a selected wavelength of light that overlaps maximally with the nanoparticle SPR absorption band. (2) The lattice heat content is sufficient enough to lead to particle melting. The lattice heating by the electrons and cooling by surrounding medium is a competitive process. If the heating rate is much faster than the cooling rate, massive heat is accumulated within the lattice sufficient enough to lead to particle structural changes such as nanoparticle melting or fragmentation in nanoseconds. In 1999, Link et al. [61, 62] found that nanorods melted into near spherical particles of comparable volumes at moderate energies using a 100-fs laser at 800 nm while fragmented into smaller spheres when using a high energy 7-ns laser or higher energy of fs laser. (3) The lattice heat content is sufficient enough to result in particle ablation in hundreds of femtoseconds. In order to use the produced heat for the cure of cancer, the first process has to be dominated which is generally realized by using continuous wave lasers to allow heat dissipation from particles to surrounding medium. High energy pulsed laser generally lead to particle structure changes and ablation due to rapid massive heat creation with the high intensity laser pulses in a very short time.
Cancer imaging
As shown in the previous section, Au NPs scatter strongly and the scattering properties depend on the size, shape and structure of the nanoparticles [40, 41, 51, [63] [64] [65] [66] [67] [68] . Typically, nanoparticles of 30-100 nm diameter scatter intensely and can be detected easily by a commercial microscope under dark-field illumination conditions [67] . In fact, 40 nm An NPs can be easily detected by eye down to a particle concentration of 10 À14 M [63, 64] . Likewise, the scattering from a 60 nm An NPs is 10 5 stronger than the emission of a fluorescein molecule [40, 64] . Similarly, a 70 nm An NPs scatter orders of magnitude stronger than that of a polystyrene sphere in the same size ( Fig. 5A and B) [25] . The high scattering cross-sections of An NPs together with their superior photostability (as compared to organic dyes) make them extremely promising for cellular imaging [23, [25] [26] [27] [28] [69] [70] [71] [72] [73] [74] [75] [76] [77] [78] .
The feasibility of An NPs for cancer imaging has been demonstrated in recent years [23, [25] [26] [27] [28] 75] . In the earlier attempts by Sokolov et al., the scattered light is collected in a reflection mode under single laser wavelength excitation using a confocal microscope or simply a laser pen [25, 26] . In these work, An NPs are conjugated to anti-epidermal growth factor receptor (anti-EGFR) antibodies via nonspecific adsorption to recognize the EGFR proteins on the cervical carcinoma cells and tissues. Compared to the cancer cells treated with BSA-adsorbed nanoparticles, those incubated with the targeted particles scatter strongly due to the bound nanoparticles on the membrane of the cancer cells (Fig. 5C and D) . On the tissue level, the strongly scattered signals enable the detection of abnormal tissues in contrast to weak auto-scattering from normal tissue ( Fig. 5E and F ).
An improvement of the cancer imaging based on the scattering properties of An NPs was made by El-Sayed et al. using dark field microscopy in 2005 [28] . In this case, the nanoparticles are excited by the white light from a halogen lamp which is also the same lamp used for bright field imaging. In the dark field ( Fig. 6A and B) , a dark field condenser delivers and focuses a very narrow beam of white light on the top of the sample with the center illumination light blocked by the aperture. The objective with an iris for adjusting light collection zone is used to collect only the scattered light from the samples and thus presents an image of bright object in a dark background. As the nanoparticles scatter light most strongly at the wavelength of the SPR maximum, the nanoparticles appears in brilliant color that depends on the size and shape of the particles. As a matter of fact, the dark field light scattering imaging of individual An NPs was made much earlier back in 1914 by Zsigmondy using an ultra-microscope [79] . Comparatively, a similar dark field imaging was developed by Yguerabide et al. in 1998 to image An NPs in solution with a side illumination mode [63, 64] . The light is delivered to the sample with an angled position by a flexible optic fiber light guide and the scattered light is collected by the objective of the optical microscope [64] . However, this self-built setup requires extensive experience in optical engineering rendering them challenged for general researchers.
Due to the over-expressed EGFR on the cancer cell surface, anti-EGFR conjugated An NPs bind specifically to the cancer cells. As a result, the well-organized scattering pattern of the nanoparticles bound to the cancer cells could be clearly distinguished from the random distribution of the nanoparticles around the healthy cells (Fig. 6B) . As the SPR of the nanoparticles is located around 540 nm on the cell monolayer, the nanoparticles scatter strongly in green-to-yellow color. In the following year [23] , Huang et al. conjugated the anti-EGFR antibodies to gold nanorods via a poly (styrenesulfonate) linker and demonstrated that gold nanorod could also be used as imaging contrast agents for cancer cell diagnosis with a conventional optical microscope (Fig. 6C) . Similar to gold nanospheres, the antibody-conjugated nanorods are specifically bound to the cancer cells, whereas they are randomly distributed in the case of normal cells. The SPR absorption at 800 nm gives the intense red color of the nanorods.
Spectroscopic cancer detection
The resonant surface plasmon oscillation can simply be visualized as a photon confined to the small nanoparticle size. This strong confinement of the photon oscillation with the frequency of the light in resonance with SPR leads to a large increase of the electromagnetic field that decays within a distance comparable to the size of the nanoparticle [80] . In addition to enhance all the radiative properties such as absorption and scattering as we have discussed above, the field enhances the Raman scattering of adjacent molecules because the Raman intensity is directly proportional to the square of the field intensity imposed on the molecules [81] . This phenomenon is termed as surface enhanced Raman scattering (SERS). The induced field for the Raman enhancement is determined by the particle size, shape, composition and particle relative orientation and distance [82] [83] [84] [85] [86] [87] . This indicates that for large Raman enhancement, asymmetric An NPs, which gives high curvature surface, are more favorable due to the ''lightening-rod'' effect. As demonstrated by Nikoobakht et al., enhancement factors on the order of 10 4 -10 5 were observed for adsorbed molecules on the NRs while no such enhancement was observed on nanospheres under similar condition [88] .
Recently, Huang et al. applied SERS by gold nanorods to diagnose cancer cells from normal cells [89] (Fig. 7) . Gold nanorods are conjugated to anti-EGFR antibodies and then specifically bound to human oral cancer cells. Compared to HaCat normal cells, molecules including CTAB capping
Figure 5 (A and B) Comparison of scattering properties of gold nanoparticles (A) and polystyrene nanoparticles in the same size (B). (C and D) Comparison of reflectance images of SiHa cells labeled with BSA/Au conjugated (C) and anti-EGFR gold conjugates (D). (E and F)
Comparison of reflectance images of cervical biopsies labeled with anti-EGFR antibodies/gold nanoparticles conjugates for normal tissue (E) and abnormal tissue (F). Due to strong scattering from targeted gold nanoparticles, cancer cells and tissues can be differentiated from normal ones. All images were taken by a laser scanning confocal microscope in reflectance mode. (Reproduced with permission from Ref. [25] .) molecules, PSS bridging molecules, the anti-EGFR antibodies as well as cellular components in the surface plasmon field of the gold nanorods on the cancer cell surface are found to give a Raman spectrum which is greatly enhanced due to the high surface plasmon field of aggregated nanorod assembly and sharp due to a homogenous environment. The polarization property of the SERS of the molecules monitored by the strongest band of the CTAB capping molecules (Fig. 7C and D) indicates that gold nanorods are assembled and aligned on the cancer cell surface and thus giving much stronger Raman enhancement. These observed properties can be used as molecular diagnostic signatures for cancer cells. Although traditional Raman has also been used to diagnose abnormal breast cancer tissue [90, 91] , SERS is more advantageous because it greatly enhances detection sensitivity and decreases signal acquisition time.
In addition to directly enhance the surrounding molecules to detect them, a Raman tag can be used as a spectroscopic imaging probe [92] [93] [94] . Raman tag is generally organic dye molecules with aromatic structures which has relative high Raman cross-sections. Its fluorescence is quenched when they are adsorbed on the metallic nanoparticles and thus Raman signals are able to be easily detected. For cancer diagnosis, the nanoparticles are physically adsorbed or chemically conjugated with both Raman tag and cancer targeting ligands. The report of the Raman fingerprints of the tag molecules indicates the binding of the nanoparticles to the cancer cells and thus identifies the targeted cells [95] [96] [97] [98] . By conjugating different dye molecules on the same particles, multiplex detection can be achieved [99] . Recently, Nie and co-workers showed that SERS from tumor in mice can be obtained by using the Raman reporter adsorbed onto 60 nm spherical gold nanoparticles [95] . This study advanced the development of SERS from bench top to in vivo applications and offered possibility for future clinic intraoperative imaging based on Raman spectroscopic cancer detection.
Photothermal therapy (PTT)
Gold nanosphere-based PTT Similar to scattering counterpart, Au NPs absorb light millions of times stronger than the organic dye molecules. Nearly 100% absorbed light is converted to heat via the nonradiative properties, as described above. An NPs are very photostable and biocompatible. These features make them a new generation photothermal contrast agents for photothermal therapy, in The anti-EGFR-conjugated gold nanoparticles are bound to the cancer cells assembled in an organized fashion, while they are randomly distributed around normal cells, thus allowing for the optical differentiation and detection of the cancer cells. While gold nanoparticles show color in green due to SPR in visible region and gold nanorods show color in red due to SPR in NIR region ((B) is reproduced with permission from Ref. [28] . (D) is reproduced with permission from Ref. [23] ). which photon energy is converted to heat sufficient to induce cellular damage via thermal effects such as hyperthermia, coagulation and evaporation [100] [101] [102] .
PTT using spherical gold nanoparticles [103] [104] [105] [106] [107] [108] [109] [110] [111] [112] [113] [114] [115] [116] can be achieved with pulsed or cw visible lasers due to the SPR absorption in the visible region and thus such treatment is suitable for shallow cancer (e.g. skin cancer). The first thorough study using pulsed laser and gold nanospheres was performed in 2003 by Lin and co-workers for selective and highly localized photothermolysis of targeted lumphocytes cells [103] . Lumphocytes incubated with An NPs conjugated to antibodies were exposed to nanosecond laser pulses (Q-switched Nd:YAG laser, 565 nm wavelength, 20 ns duration) showed cell death with 100 laser pulses at an energy of 0.5 J/cm 2 . Adjacent cells just a few micrometers away without nanoparticles remained viable. Their numerical calculations showed that the peak temperature lasting for nanoseconds under a single pulse exceeds 2000 K at a fluence of 0.5 J/cm 2 with a heat fluid layer of 15 nm. The cell death is attributed mainly to the cavitation damage induced by the generated micro-scale bubbles around the nanoparticles. In the same year, Zharov et al. [104] performed similar studies on the photothermal destruction of K562 cancer cells. They further detected the laser induced-bubbles and studied their dynamics during the treatment using a pump-probe photothermal imaging technique. Later they demonstrated the technique in vitro on the treatment of some other type of cancer cells such as cervical and breast cancer using the laser induced-bubbles under nanosecond laser pulses [105] [106] [107] . Recent work has demonstrated the treatment modality for in vivo tumor ablation in a rat [115] . Intracelullar bubble formation results in individual tumor cell damage.
The use of nanosecond pulsed laser for PTT is highly selective and localized damage controllable from few nanometers to tens of micrometers depending on the laser pulse duration and particle size [114] . This makes the method useful for single metastatic cell killing and small tumor eradication. However, the heating efficiency is relative low due to heat loss during the single pulse excitation. So the use of CW laser is favorable for effective heat accumulation to induce mild cell killing in a larger area mainly via hyperthermia and possible coagulation and vaporization depending on the heat content. Nonetheless, the treatment using CW lasers is time consuming (minutes) compared to pulsed laser (single pulse time). Examples using CW 400 600 800 1000 1200 1400 1600 1800 400 600 800 1000 1200 1400 1600 1800 lasers for PTT includes selective cancer cell killing [108] and targeted macrophage destruction [112] . In the studied by ElSayed et al. [108] , 40 nm An NPs were conjugated to anti-EGFR antibodies and targeted to two types of human head and neck cancer cells. Detected by dark field light scattering and surface plasmon absorption spectra on single cells, the nanoparticles induce cancer cell damage at 19 W/cm 2 after the irradiation with a Ar + laser at 514 nm for 4 min, while healthy cells do not show the loss of cell viability under the same treatment. Further numerical calculation shows temperature rises to 78°C capable of inducing cell damage [111] .
Gold nanoshell-based PTT
For in vivo therapy of tumors under skin and deeply seated within tissue, NIR light is required because of its deep penetration due to minimal absorption of the hemoglobin and water molecules in tissues in this spectral region. Thus the nanoparticles have to be NIR active. In 2003, Hirsch et al. firstly demonstrated the NIR PTT both in vitro and in vivo using gold nanoshells [22] . Breast carcinoma cells incubated with PEGylated gold nanoshells, which possess tunable absorption in the NIR region as described in the previous sections, undergone irreversible photothermal damage after exposure to CW NIR light (diode laser, 820 nm, 35 W/cm 2 ) for 4 min, as indicated by the loss of Calcein AM staining (Fig. 8A ) while cell treated with laser only did not show cell death (Fig. 8B) . When the nanoparticles were directly injected into tumor and then exposed to the same laser at intensity of 4 W/cm 2 for 4 min, magnetic resonance temperature imaging shows temperature rises over 30°leading to tissue damage, observed as coagulation, cell shrinkage, and loss of nuclear staining. In the followed year, they injected the PEGylated nanoshells into blood stream of mice via tail vein [117] . The particles are accumulated into tumor via enhanced permeability and retention (EPR) effect [118] [119] [120] [121] [122] [123] [124] [125] [126] . This is because tumor vasculature is generally more leaky compared to normal vasculature due to rapid growth and thus nanoscale materials can be passively extravagated into the tumor interstitial. However, the lymphatic drainage system of the tumor tissue is impaired and thus the nanoparticles can not be excluded as wastes. So the nanoparticles are trapped in the tumor during their blood circulation. As shown in Fig. 8C , all tumors treated with both nanoparticles and laser underwent complete necrosis by day 10 without regrowth over 90 days (Fig. 8D) . Followed work includes active targeting using antibodies and integrated imaging using light scattering properties [11, 27, 75, 76, [127] [128] [129] .
Gold nanorod-based PTT
The blossom of PTT in recently years are largely attributed to the emergence of gold nanorods. In 2006, El-Sayed et al. firstly demonstrated PTT using gold nanorods in vitro [23] . As detected by dark field imaging and micro-absorption spectra, the gold nanorods conjugated to anti-EGFR antibodies specifically bind to the ENT cancer cells (Fig. 6C) . In the PTT treatment, a cw Ti:Sapphire laser at 800 nm, overlapping maximally with the SPR absorption band of the nanorods, was used for the electromagnetic irradiation of the cells labeled. Under laser exposure for 4 min, it was found that the cancer cells required half the laser energy (10 W/cm 2 ) to be photothermally damaged as compared to the normal cells (20 W/cm 2 ), attributed to the selective targeting of the over-expressed EGFR on the cancer cell surface by the anti-EGFRconjugated gold nanorods (Fig. 9A) while the normal cells were not affected (Fig. 9B) . Compared to nanoshells, the use of gold nanorods enables effective treatment at three times lower laser intensity. This is because nanorods exhibit higher absorption efficiency than nanoshells with the SPR at the same wavelength [40] . In recent studies, it is been shown that when the linearly polarized light is converted into circularly polarized light, the light absorption by the gold nanorods are enhanced, which leads to ultra-low energy threshold for cancer killing (5 times lower) [130] . In the case of pulse laser irradiation, Niidome and co-workers found that it could induce cell death, but successive irradiation causes reshaping of the nanorods into nanospheres to prevent further cell death [131, 132] . Theoretical consideration for the photothermal heat generation has been carried out by Cortie and co-workers in their studies on the phothermal destruction of murine macrophage cells [133] . Based on a conductive heat transfer model, their results show that the effective temperature increases on the cells at a laser influence of 30 J/cm 2 is on the order of 10°C. This suggests heat-stress caused cell death instead of mechanical perforation of their membrane. Future studies by Wei and Cheng groups [134] [135] [136] show that the laser energy used to destroy the cells when the nanoparticles are located on the cytoplasm membrane is 10 times lower than that required when the nanoparticle are internalized inside the cytoplasm. The energy required for a fs laser is 10-fold lower than that by using a cw laser. Based on these results and staining of cell death pathways, they found that the cell death is initiated by the disruption of the plasma membrane. Subsequent influx of calcium ions induces membrance blebbing and damage of actin filaments. Obviously, apoptosis is the route of cell destruction by the laser heating of gold nanorods.
In the recent studies by El-Sayed et al. in a ENT cancer xenograft model [137] , the nanorods are conjugated to mPEG-SH 5000 and injected into mice both intravenously and subcutaneously. Using the transmission imaging of the NIR laser with a customized camera, the tumor can be well identified due to the NIR light absorption by the nanorods in the tumor (Fig. 9C) . The spectral profiling of the images clearly shows the difference of the delivery efficiency of gold nanorods by the two methods. After exposure to a cw NIR diode laser at 808 nm with intensity of 1-2 W/cm 2 for 10 min, tumor growth is significantly inhibited for both treated groups (Fig. 9D) . The intravenous treated tumors shows lower photothermal efficiency due to the less nanoparticles accumulated inside the tumor as shown in the NIR spectral imaging. Thermal transient measurements show that the temperature increased by over 20°sufficient to induce tumor destruction ( Fig. 9E and F) . Very recently, Bhatia and coworkers conducted similar studies on melanoma cancer xenograft [138] . The results show that single intravenous injection of PEGylated gold nanorods enables complete eradication of all irradiated tumors in mice without regrowth over 50-days of study time.
Gold nanocage-based PTT Attempts using gold nanocages for PTT have also been made recently mainly by Xia and Li groups [12, 24, [139] [140] [141] [142] . In the in vitro studies by Xia and co-workers, NIR femtosecond Ti:Sapphire pulsed laser was used to treat Sk-BR-3 breast cancer cells in the combination with HER-2 targeted 45 nm gold nanocages [24, 140] . Quantitative characterization showed that under the exposure to the pulsed laser with energy of 6.4 W/ cm 2 for 5 min, 55% cells underwent cellular damage [140] . In the in vitro studies by Li and co-workers, 30 nm gold nanocages are conjugated to anti-EGFR antibodies to target A431 cells [141] . At laser energy density of 40 W/cm 2 , almost all immunonanocage-treated cells were damaged, an effect not observed for all other control groups. In vivo biodistrubution studies based on 111 In-labeled nanocages, they showed that anti-EGFR conjugated gold nanocages were delivered to EGFRpositive tumors at 6.8% ID/g. Ex vivo light scattering imaging shows that nanocages are located to the preivasculature area of the tumor. Their further in vivo PTT of melanoma xenograft [143] showed successful photothermal ablation, as confirmed by positron emission tomography and histologic staining, using peptide-conjugated 43 nm gold nanocages after 24 h post treatment at energy dosage of 30 J/cm 2 . Comparing all three classes of gold nanostructures for NIR PTT, gold nanorods have two significant advantages making them more feasible for future clinic settings: (1) Their synthetic procedure is relatively facile. The well established seed-mediated growth protocol enables production of gold nanorods of different aspect ratios with high yield and high quality within 2 h at RT [18] . In the case of nanoshells, it is very challenging to form a uniform shell on the silica core from the small gold clusters. To make nanocages, the preparation of silver nanocube precursors involves high temperature reaction (150°C) for over 20 h. (2) They possess superior long blood circulation time due to the anisotropic geometry. Recent studies have shown that PEGylated gold nanorods has a blood half-life time over 17 h in mice [138] . The enlongated blood circulation time for rod-shaped nanoparticles compared to spheres has also been observed on other type of nanoparticles such as iron oxide nanoparticles [144] . In addition, the rodshaped nanoparticles increase cellular affinity due to multiple ligand bindings [144] .
